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Abstract
We investigate the influence of the attosecond electron dynamics of photoionization on the fem-
tosecond fragmentation of the molecular ion left behind. We consider the dissociative photoion-
ization dynamics of the N2 molecule, induced by an attosecond extreme-ultraviolet (XUV) pulse
in the presence of a moderately strong infrared (IR) laser field. We show that the kinetic energy
spectrum of N+ fragments depends on (i) the phases between the different electronic states of N+2
established by the photoionization process and (ii) phases associated with the vibrational dynamics
in the dissociating molecular ion. We show that the phase acquired during the photoionization can
be obtained from the dependence of the N+ ion kinetic energy release (KER) spectra on the time
delay between the XUV and IR pulses.
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Following the first few femtoseconds of a chemical reaction is an exciting opportunity cre-
ated by the advent of sub-femtosecond light sources [1]. While the nuclei in a molecule move
on tens to hundreds of femtoseconds timescale, sub-femtosecond timescales are pertinent to
electronic motion – the creation and evolution of coherence between different electronic
states. If the reaction is initiated by ultrafast ionization, how does the coherence between
the ion and the continuum electron manifest?
We address this question theoretically by considering an attosecond pump-IR probe ex-
periment. Using the N2 molecule as an example, we show that the kinetic energy release
(KER) spectra of fragment ions, resulting from two-color dissociative ionization, are sensi-
tive to the relative photoionization phases in different photoionization channels. Thus we
reveal the essential role played by quantum entanglement between the molecular ion and the
XUV-liberated photoelectron in the formation of the KER spectra. The presented mech-
anism will arise in any pump-probe experiment that involves an isolated attosecond pump
pulse (or a train of attosecond pulses) and an IR probe pulse, phase-locked to the XUV
pump.
The influence of coherent electronic dynamics on longer-term nuclear dynamics has been
a subject of intense discussions, starting with the pioneering works [2–4] stimulated by
the idea of charge-directed reactivity [5, 6]. The role of attosecond electronic dynamics
was first illustrated in an experiment [7] that demonstrated control of electron localization
during molecular dissociation. Theoretically, such control was first studied for H2 [8] and
HCl [9, 10]. Extending the work reported in [7], sub-fs control of electron localization and
molecular fragmentation was observed in two-color XUV+IR experiments, demonstrating a
sensitivity to the time-delay between the XUV pump and the oscillations of the IR probe
electric field (see e.g. Ref. [11–13]). Contrary to these studies, here we focus on the
interplay between the vibrational and photoionization time-scales and reveal the key role
that the departing photoelectron plays in determining the outcome of photodissociation.
To investigate the correlated photoelectron-ion dynamics we express the full asymptotic
wavefunction of the system after ionization by an XUV pulse in the close-coupling form as:
|Ψ(t)〉 =
∑
i
|φi(t)〉 |Ψi(t)〉. (1)
Here |Ψi(t)〉 are the vibronic states of the ion that describe coupled electronic and nuclear dy-
namics associated with ionization channel i. Within the Born-Oppenheimer approximation
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the latter can be described in terms of vibrational wavepackets χ(R, t) moving on electronic
potential curves of the ion. With each of these vibronic states comes a continuum electron
wavepacket |φi(t)〉 =
∫
dE aEi (t)|φE〉, correlated to the vibronic wavepacket in channel i in
energy, momentum and symmetry. The |φE〉 are asymptotic continuum states describing an
electron with final energy E and channel-specific complex amplitudes aEi (t) (see appendix
A for a more extended discussion).
Consider a measurement that resolves the vibrational continuum states of the molecular
ion but integrates over the states of the photoelectron. This situation applies when only
the fragment ion KER spectra are measured. One should in general specify a measurement
basis |χ〉 for detecting the KER and basis |n〉 for detecting the electronic eigenstates of the
ionic fragments. This basis does not necessarily connect adiabatically to the electronic states
initially populated by photoionization in channel i. This allows one to include processes such
as autoionization and IR-induced transitions from an initially populated electronic state in
channel i towards a target eigenstate |n〉. Furthermore, it may not be possible to distinguish
the initial electronic state after ionization in channel i, when several initial states lead to
the same target eigenstate |n〉.
The probability to detect the ion in an electronic state |n〉 and vibrational state |χ〉,
integrated over all final states |φ〉 of the continuum electron yields
Wn(χ, t) =
∫
dφ |〈nχ|〈φ|Ψ(t)〉 |2 =
∑
i
|〈nχ|Ψi(t)〉|2
+
∑
i 6=j
〈Ψj(t)|nχ〉〈nχ|Ψi(t)〉 × 〈φj(t)|φi(t)〉. (2)
Electronic coherence between the i and j channels created by photoionization appears
in the second term on the right hand side of Eq. 2. This term must be non-zero for the
coherence to affect the KER spectra. Therefore, wavepackets initially created in different
ionization channels i and j must contribute to the same final electronic eigenstate |n〉 and
the overlap 〈φj(t)|φi(t)〉 =
∫
dE(aEj )
∗aEi of the photo-electron wavepackets φi,j must be
significant.
Because the continuum photo-electron wavepackets |φi(t)〉 are correlated to different ionic
states, they acquire different phases during photoionization. This phase difference affects
the interference and thus the vibrationally resolved dissociation spectra in Eq. 2. Hence,
manipulating the phase and magnitude of the initial electronic coherence created by at-
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tosecond ionization potentially changes the outcome of vibrational dynamics hundreds of
femtoseconds later.
Theoretical and experimental studies showed that the amount of electronic coherence
created after photoionization by strong IR fields and short XUV pulses can be significant,
this is clearly observed in [11, 14, 15], and can be controlled by the choice of laser parameters
[16]. However, its role in chemical reactivity (i.e. molecular dissociation) and hole migration
[3, 4, 15] has so far not been addressed.
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FIG. 1. Sequential XUV-IR (I) and direct XUV+IR (II) dissociation pathways leading to low
energy N+ fragments and the relevant potential energy curves (see text for further explanation).
22Πg is the upper adiabatic branch of the D
2Πg state, which for simplicity is not included in the
calculation. The horizontal dotted line indicates the dissociation limit. The bandwidth of a 500 as
(FWHM) pulse spans an energy range of ∼7 eV.
Here we theoretically demonstrate the importance of the initial electronic coherence cre-
ated by ionization for the nuclear motion in the molecular ion. We use the example of
dissociative ionization of N2 exposed to a combined XUV and IR laser field, with param-
eters similar to those in [11, 12, 17]. The IR pulse is 30 fs FWHM, centred at λ = 800
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nm, with a peak intensity of 1013 W/cm2 and polarized perpendicular to the molecular axis.
The isolated XUV pulse is short (FWHM=0.5 fsec) compared to the IR laser half-cycle so
that photoionization is adequately described by a vertical Franck-Condon transition onto
the cationic electronic states. The XUV carrier frequency Ω ' 25 eV leads predominantly to
the formation of the X2Σ+g , A
2Πu, and B
2Σ+u bound ionic states, and low-lying vibrational
levels of the C2Σ+u state [18, 19]. The latter predissociate into the B
2Σ+u state on nanosecond
timescales, leading to a well known vibrational structure [20] in the low energy N+ KER
which is independent of XUV–IR delay.
The IR field creates additional two-photon XUV±IR pathways towards fragmentation
moving along the shallow D2Πg state potential energy curve (PEC) leading to L1 dissociation
limit and producing low kinetic energy fragments (Figure 1). The first pathway, labelled
XUV−IR (I), describes one-photon XUV ionization into the long-lived C2Σ+u state, followed
by IR-induced resonant de-excitation onto the D2Πg state. The de-excitation probability is
significant only well after the XUV pulse, when the vibrational wavepacket that is formed on
the C2Σ+u state has moved to the outer turning point of the C
2Σ+u potential curve. The second
pathway, labelled XUV+IR (II), describes a direct two-photon transition to the dissociative
D2Πg state (which has a small cross-section for one-photon XUV photoionization). The
main contributing virtual intermediate state for this transition is the B2Σ+u state, which is
prominent in N2 photoionization and is strongly dipole-coupled to the D
2Πg state. Unlike
the sequential pathway (I), the direct pathway (II) requires the XUV and IR pulses to
overlap. Sequential excitation of the D2Πg state (via the B
2Σ+u state) requires at least 3 IR
photons and was therefore found to be negligible at the IR intensity used in our simulations.
A small direct XUV-IR contribution from the C2Σ+u to the D
2Πg state was not included for
simplicity because it does not alter the final result significantly (see Appendix D).
For the pathways I and II to interfere, the photoelectron wavepackets accompanying each
path must overlap both in terms of energy and angular momentum. The energy spacing
between the C2Σ+u and the D
2Πg states and the IR frequency are both much smaller than the
bandwidth of the attosecond XUV pulse (Fig. 1), thus ensuring a substantial overlap of the
photoelectron wavepackets correlated to the two ionization channels. The ungerade C2Σ+u
state is accessed by a single photon transition while the gerade D2Πg state is accessed by
a two-photon transition. Hence, the photoelectron wavepackets associated with both path-
ways will have a gerade symmetry and thus, a substantial energy and angular momentum
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overlap. They will however have different photoionization (half-scattering) phases. The ac-
tual amount of coherence expected in the experiment (evaluated using TDSE and R-matrix
calculations of the photoionization dynamics, see Appendices B and C) was found to be
∼ 0.5 (where 1 would correspond to perfect coherence).
The overlap of photoelectron wavepackets φ(t) originating from the photoionization chan-
nels I and II will allow the vibronic wavepackets Ψ(t) and thus the corresponding vibrational
wavepackets χ(t), originating from paths I and II, to interfere on the detector. The final
KER spectra will depend both on the phase of the photoelectron wavepacket φ(t), accumu-
lated during the ionization, and the phase of the vibrational wavepacket χ(t), accumulated
during propagation along the paths I and II towards dissociation.
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FIG. 2. Calculated N+ KER spectra as a function of XUV and IR pump-probe time delay for
the case when the summation of direct (path II) and sequential (path I) dissociation channels
is incoherent (a) and coherent (d) and (g) with the relative scattering phase set to pi/2 and 0,
respectively (see text). A zoom of the spectra is shown in (b), (e) and (h). Vertical lines show
two selected time delays at which the spectra are plotted in (c), (f) and (i). Negative time delay
corresponds to the XUV pulse arriving before the IR pulse.
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To investigate the role of the initial electron coherence on the KER spectra, we solve the
Time-Dependent Schro¨dinger Equation (TDSE) for the vibrational wavepackets χ(R, t) in
the N+2 ion in the IR field. We assume two limiting cases for the photoelectron dynamics: no
coherence and perfect coherence between the ionization channels. In Eq. 2 this corresponds
to 〈φj(t)|φi(t)〉 = 0 and e−ıδ respectively. For the purpose of illustration we chose values 0
and pi/2 for the scattering phase difference δ (see Appendices B and C for the discussion
of actual values of δ obtained from ab-initio calculations and how they can be manipulated
experimentally).
In our simulation, ionic vibrational wavepackets were created as a Franck-Condon (FC)
projection of the N2 vibrational ground state at different times during the IR pulse corre-
sponding to the arrival time of the attosecond XUV pulse. One-photon ionization to the
C2Σ+u state (pathway I) was simulated by placing a vibrational FC wavepacket in the corre-
sponding state. The direct two-photon XUV+IR ionization (pathway II) was simulated by
preparing a vibrational FC wavepacket in the IR-dressed B2Σ+u state. The coupling between
the B2Σ+u and D
2Πg states by the IR field ensured inclusion of the direct transition between
the two states, as well as the effects of the envelope and the XUV-IR delay-dependent phase
of the IR field.
The vibrational wavepackets were propagated on the B2Σ+u , C
2Σ+u and D
2Πg PEC of N
+
2 ,
coupled by the IR laser pulse with parameters listed previously. The XUV photoionization
cross-sections were obtained from literature [19]. The PEC and the transition dipoles were
calculated with the GAMESS-US package [21], using an aug-cc-pVTZ basis set. The MRCI
(multireference configuration-interaction) wavefunctions included all single excitations from
CAS(9,8) (complete active space), which was optimized for the D2Πg state. In addition
to the states shown in Figure 1, many more electronic states are present in the cation.
However, due to the ionization dipole selection rules, their energetic positions and their
weaker couplings to the C2Σ+u and B
2Σ+u states, they were neglected. Spectroscopically, the
D2Πg state of N
+
2 is known to arise from a strongly-interacting pair of
2Πg states [19]. For
simplicity, we chose to include only the lower adiabatic branch of this pair in our simulations.
It is responsible for the de-excitation step of the sequential path, and is therefore sufficient to
reproduce qualitative features of the dissociation paths I and II. The vibrational wavepacket
propagation on the IR-field-coupled B2Σ+u , C
2Σ+u and D
2Πg PEC was performed using a
standard split-operator method. The final N+ KER spectrum was extracted by projection
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onto the continuum eigenstates of the D2Πg PEC.
Calculated KER spectra as a function of the XUV-IR pump-probe delay are shown in Fig.
2. In the (a-c) panels, the contributions from the XUV–IR (I) and XUV+IR (II) dissociation
pathways are added up incoherently. In the (d-f) panels they are added coherently, with the
difference of the photoelectron scattering phases between different ionization channels set to
δ = pi/2 whereas in the (g-i) panels, the phase is set to δ = 0. The KER spectra show peaks
corresponding to de-excitation of vibrational states of the C2Σ+u state, with v 1 10, (pathway
I). The v = 10 vibrational state is above the L1 dissociation limit (EL1 = 24.293 eV) by
an energy which is slightly bigger than the energy of a single IR photon. Therefore, this
vibrational state is the first to show up in the KER spectra. Note that small computational
inaccuracies in the vibrational progression of the C2Σ+u state are amplified in the KER
spectra because the high lying vibrational states have a KER which is close to zero. An
additional shift appears because the transition matrix elements for the vibrational states
strongly depend on energy. Lower vibrational levels of the C2Σ+u state do not contribute,
since they are de-excited onto the bound part of the D2Πg PEC. The width of the vibrational
lines reflects the bandwidth of the IR pulse, since IR-induced de-excitation is the only decay
mechanism present in the calculation.
Clear differences can be seen between the KER spectra for incoherent and coherent ad-
dition. Although in both cases a modulation of the spectra is observed at twice the IR
frequency, its origin is rather different. In the case of incoherent addition, the modulation of
the spectra is entirely due to the sub-cycle dependence of direct pathway II, which follows
the oscillating IR electric field at the moment of ionization [12]. The modulation depth is
highest near the peak of the IR pulse. The vibrational band originating from sequential
pathway I is not modulated, and is simply superimposed on the oscillations caused by path-
way II. The contribution from pathway I becomes stronger as one moves from positive to
negative time delays, because the sequential path requires that XUV ionization precedes the
IR de-excitation. The maxima of the oscillation coincide with maxima and minima of the
IR field (see Fig. 2b).
In the coherent case (Figure 2d) the contrast in the modulation is enhanced, especially
near ∆t= -10 fs when the contributions from pathways I and II are similar. Unlike the
incoherent case, the maxima of the oscillations do not match the maxima and minima of
the IR electric field but are delayed by ∆t ∼ 200 as (see Fig. 2e).
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The observed beating in the coherent case is due to an interference between the direct
XUV+IR (II) and the sequential XUV−IR (I) dissociation pathways. This process is anal-
ogous to the common RABBITT scheme, where the relative delay between the attosecond
XUV pulse train and the IR pulse controls the constructive and destructive interference
of photoelectron sidebands [22], see also [12, 23]. Here the XUV-IR time delay does not
modulate the continuum population and/or induce free-free transitions. Instead the delay
controls the relative electronic phase between the direct (II) and sequential (I) dissociation
pathways, leading to modulation of the vibrationally resolved N+ KER. The 200 as time
offset of the beating pattern arises as a result of the phase difference between the two paths.
It encodes (i) the initial difference between the photoionization scattering phases in the two
different continua and (ii) the phase associated with the vibrational motion in the sequential
pathway.
Figures 2c and 2f show vibrationally resolved N+ KER spectra at two selected time
delays. In the incoherent case (Fig. 2c) the vibrational peaks resulting from C2Σ+u to D
2Πg
de-excitation occur at the same energy for both time delays. In the coherent case the maxima
observed in the KER change with the time delay, with a shift that depends on the scattering
phase (Fig. 2f and i). This effect reflects the fact that the change of the time delay also
modifies the vibrational dynamics.
Since the vibrational motion in the cation can be reliably calculated, the KER spectra
can be used to extract the initial electronic coherence established by photoionization. This
is illustrated in the (g-i) panels of Fig. 2, where the electronic photoionization phase was
changed by 90 degrees. A clear impact is seen in the KER spectra, changing both the offset
of the beating pattern and the appearance energies of the vibrational peaks.
In conclusion, we have shown that quantum entanglement between the photoelectron
and the molecular ion, established during photoionization, can influence the outcome of a
photochemical reaction that evolves on a timescale of tens of femtoseconds. Using N2 as
a model system, we have shown that vibrationally resolved KER spectra depend on the
interplay of attosecond electronic dynamics during ionization and femtosecond vibrational
dynamics that leads to fragmentation of the molecule. As long as the vibrational dynamics
can be reliably simulated, XUV-IR delay-dependent KER spectra can be used to extract
the relative photoionization phases between different ionic channels. This would allow to
establish the initial shape, location and momentum of the hole created by ionization.
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Appendix A: Describing the photoelectron wavepacket and the residual ion dynam-
ics using the Time-Dependent Schro¨dinger Equation
We are describing the dynamics after ionizing the N2 molecule with a two-color XUV+IR
fields. The wavefunction to describe the photoelectron and the residual ion after photoion-
ization is expressed in the close-coupling form
|Ψ(r1 . . . rn, R, t)〉 =
∑
m
|φm(rn, R, t)〉 |Ψm(r1 . . . rn−1, R, t)〉 (A1)
where the summation is over all the ionization channels m. |φm(rn, R, t)〉 is the photoelectron
wavepackets correlated to the vibronic wavefunction |Ψm(r1 . . . rn−1, R, t)〉 associated with
the m-th ionization channel. The coordinate rn is associated to the photoelectron, while the
coordinates r1, . . . , rn−1 are associated to all the electrons that remain bound in the residual
ion. R is the internuclear distance.
The ansatz in Eq. A1 is exact in the asymptotic region, i.e., when the interaction between
the photoelectron and the ion can be neglected and is often used to describe the asymptotic
region in scattering and photoionization calculations (see e.g. review in [24]). It can be
applied for our investigation, i.e., to describe the system after the photoionization is over.
Note, that the ansatz in Equation A1 neglects the antisymmetrization between the de-
parting photoelectron rn and the remaining bound electrons r1, . . . , rn−1 and is also over
complete for an n-electron system. These features would become important in describing
the photoionization process, when the photoelectron is still close to the ionic core.
Using the ansatz in Equation A1 the time-dependent Scho¨dinger equation (TDSE) can
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be written as
ı
(
∂
∂t
|φm〉
)
|Ψm〉+ ı |φm〉
(
∂
∂t
|Ψm〉
)
=∑
m′
(
Hˆχ |φm′〉
)
|Ψm′〉+
∑
m′
([
Hˆi + Vˆir
]
|Ψm′〉
)
|φm′〉+ Vˆxuv|Ψ0〉 (A2)
where Hˆχ(r1, . . . , rn, R, t) is the Hamiltonian governing the photoelectron and containing the
interaction between the photoelectron |φm(rn, R, t)〉 and the residual ion |Ψm(r1 . . . rn−1, R, t)〉.
Hˆi(r1, . . . , rn−1, R, t) is the Hamiltonian governing the dynamics in the residual ion and
|Ψ0(r1, . . . , rn, R, t)〉 is the wavefunction of the initial state, which in our case is the N2
ground state. We further assumed that the XUV pulse, with corresponding potential op-
erator Vˆxuv(t) is only responsible for ionization, while the IR pulse, with corresponding
potential operator Vˆir(t), interacts only with the ionic core. Hence, we do not include the
dressing of the photoionization continuum by the IR field. This latter process leads to the
well-studied RABBITT type interference in the continuum, but does not change the final
state of the cation, which we are interested in here. However, the TDSE in Equation A2
includes direct two-photon XUV+IR ionization, when the XUV photon is absorbed by the
photoelectron and the IR photon is absorbed by the ion core.
Following the work in [25] Equation A2 is re-written as two coupled equations:
ı
(
∂
∂t
|φm〉
)
|Ψm〉 =
∑
m′
(
Hˆχ |φm′〉
)
|Ψm′〉+ Vˆxuv|Ψ0〉 (A3)
ı |φm〉
(
∂
∂t
|Ψm〉
)
=
∑
m′
|φm′〉
([
Hˆi + Vˆir
]
|Ψm′〉
)
. (A4)
Assuming that the timescale of photoionization by an attosecond XUV pulse is much faster
than the timescale of the nuclear dynamics in the residual ion, Equation A3 can be solved for
a fixed internuclear distance, neglecting the vibrational dynamics. This allows one to solve
Equation A4 separately where the photoelectron wavepackets |φm〉 become ”time-dependent
coefficients” for dynamics in the ion. The non-adiabatic effects, i.e., the effects of the nuclear
kinetic energy operator on the photoelectron wavepackets |φm〉 during photoionization, are
neglected. We further assume that photoionization is fast and that the photoelectron travels
far away from the ion so that the interaction between the two is negligible once the vibrational
dynamics in the ion starts. In this case |φm〉 in Equation A4 become time-independent initial
coefficients for the dynamics in the ion.
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In this work we do not solve the photoionization dynamics described by Equation A3.
Instead we estimate the photoelectron wavepackets, integrated over all final photoelectron
energies, as ∫
dE〈φE |φm〉 = √σm · e−ıγ (A5)
where σm is the photoionization cross-section extracted from experimental measurements
found in the literature (see the main text of the manuscript), and γ is the phase.
This work investigates the interference of two ionization channels. To illustrate the effect
of the photoionization phase γ in the dissociation process, two values of phase difference
δ = γC−γD = 0 and pi/2 are considered. Furthermore, an evaluation of the phase difference
between the ionization channels that are studied in this work is presented in Sections II and
III below.
Finally, we insert Equation A5 into Equation A4 as initial conditions for the ionic dy-
namics, which is justified when the photoionization is much faster than vibrational dynamics
in the ion. Finally, we solve Equation A4 numerically with the described initial condition.
Hence, the calculation fully includes the IR field, but does not explicitly include the XUV
field.
Appendix B: Estimate for photoelectron wavepacket overlap using single-photon
ionization dipoles
Let us consider two photoionization channels: channel I represents single photon ioniza-
tion into the C2Σ+u state and channel II represents two photon XUV+IR ionization into the
D2Πg state of N
+
2 molecule. In addition, let us consider the case when both XUV and IR
pulses are oriented perpendicular to the molecular axis.
Let us further assume that in channel II the XUV photon is absorbed by the photo-
electron while the IR photon is absorbed by the residual ion. Hence, we will assume that the
photoelectron wavepacket can be represented using the dipoles for photoionization into the
B2Σ+u state while the IR photon changes the final target state into the D
2Πg state. Using the
close-coupling ansatz introduced in the Equation A1 the wavefunction after photoionization
is given by
|Ψ〉 = |φD〉|ΨD〉+ |φC〉|ΨC〉 (B1)
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where |ΨC〉 and |ΨD〉 are the vibronic states of the N+2 ion and |φC,D〉 are the corresponding
photoelectron wavepackets. We can define the density matrix of the system as
ρ = 〈|〈ΨC,D|Ψ〉〈Ψ|ΨC,D〉|〉 (B2)
where |〉 is a photoelectron (single electron) eigenstate with an asymptotic energy , and
where |ΨC〉 and |ΨD〉 are assumed to be orthonormal.
The amount of coherence g between the |ΨC〉 and |ΨD〉 ionization channels can be quan-
tified by the off-diagonal elements of the reduced density matrix ρ
g =
ρCD√
ρA · ρD =
∫
d
〈|φD〉〈φC |〉√|φD|2 · |φC |2 = 〈φC |φD〉√|φD|2 · |φC |2 (B3)
and is directly related to the overlap of the photoelectron wavepackets correlated to each
channel 〈φC |φD〉.
perpendicular parallel
channel coherence channel coherence
(l, m) |gl,m| (l, m) |gl,m|
(2,1) 0.77 (0.97) (2,0) 0.89 (0.93)
(4,1) 0.46 (0.68) (0,0) 0.45 (0.73)
(4,3) 0.51 (0.74) (4,0) 0.76 (0.81)
TABLE I. Amount of coherence between considered ionization channels for each partial wave for
an XUV field oriented perpendicular and parallel to the molecular axis. The channels are arranged
in an order of decreasing strength. The values in brackets are for dipoles with removed continuum
resonances.
We have used the R-matrix method [26] to obtain the single-photon ionization dipoles
into the C2Σ+u and B
2Σ+u (intermediate) states resolved in final energy and (l, m)-partial
wave channel (see Figure B.1):
dC,B(, l,m) =
∑
l,m
aC,Bl,m ()Yl,m (B4)
where Yl,m are spherical harmonic functions (see ref. [26] for more details). The dipoles are
calculated at the equilibrium internuclear distance.
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FIG. B.1. Single photon ionization dipoles into the C2Σ+u (blue) and B
2Σ+u (green) target states
of the N+2 ion and for different final (l, m) partial waves for laser polarization perpendicular to the
molecular axis. Sharp peaks present in the dipoles, which are due to the continuum resonances,
are removed by a Gaussian filter of width 0.07 a.u. (bold lines).
In the R-matrix calculation, the dipoles are calculated between the N2 ground state and
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outgoing scattering states |φ−〉. In this case Equation B3 becomes
g =
ρCD√
ρA · ρD =
∫∫
dCdD
〈φ−C |C〉〈C |D〉〈D|φ−D〉√
|φ−D|2 · |φ−C |2
≈
∫
d
〈φ−C |〉〈|φ−D〉√
|φ−D|2 · |φ−C |2
(B5)
where we have assumed that 〈C |D〉 = δ(C − D), which is necessary to use the photoion-
ization dipoles obtained from R-matrix calculation to estimate the coherence between the
two channels. This approximation is more accurate for high photoelectron energy values .
For low values of , the amount of coherence, estimated below, will provide an upper bound.
Note also, that the approximation above does not influence the accuracy of the dipoles, but
only the estimate of coherence between the photoionization channels.
Using the dipoles in Equation B4, Equation B5 can be written for each final (l,m) partial
wave as
gl,m =
∑

(aBl,m,)
∗aCl,m,
/√∑

|aBl,m,|2 ·
∑

|aCl,m,|2. (B6)
Note that, as mentioned earlier, the dipoles for single photon ionization into the B2Σ+u state
are used to quantify the two-photon ionization into the D2Πg state.
For single photon ionization into the B2Σ+u and C
2Σ+u final target states, and for an
XUV field oriented perpendicular to the molecular axis, only 3 (l,m) channels contribute
significantly. The amount of coherence described by Equation B6 for these channels is
summarized in table I. The estimate suggest that the amount of coherence created between
the photoionization channels I and II can be as large as 0.75.
The high level of coherence between the two photoionization channels can be well under-
stood by inspecting their phase difference as a function of energy, expressed by the function
cos(δl,m()) =
(aBl,m,)
∗aCl,m, + c.c.
2|aBl,m,||aCl,m,|
(B7)
which is plotted in Fig. B.2. Despite sharp jumps in the phase, the average phase difference
over a small energy region is approximately constant and changes only slowly with photo-
electron energy. This means that, when contributions to all the photoelectron energies are
summed up, the phase variation does not wash out the interferences.
In an experiment the photon energy and bandwidth of the laser pulse will define the
photoelectron energy ”window” for each of the channels. From Fig. B.2 it can be seen that
it is possible to control the photoionization phase difference by choosing such a ”window”
around different photoelectron energies.
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FIG. B.2. Cosine of the phase difference between the dipoles for photoionization into the C2Σ+u
and B2Σ+u states as a function of photoelectron energy. The phase is shown for the dominant
(l,m)=(2,1) partial wave and for the XUV field perpendicular to the molecular axis. The phase
difference for dipoles that include the continuum resonances (gray line) and without the continuum
resonances (black line) are shown.
Appendix C: Estimate of photoelectron wavepacket overlap from a time-dependent
photoionization calculation
We estimate the overlap of the photoelectron wavepackets for ionization of N2 with a short
XUV pulse, by solving the time-dependent Schro¨dinger equation (TDSE) for the electronic
dynamics following the procedure in [27]. In this approach, a set of coupled TDSE are
solved to describe the neutral amplitude and the continuum electron correlated to different
cationic states, coupled to each other by electron-electron interaction and the laser field.
It uses a field-free multielectron wave function ansatz for the cationic and neutral states
(similarly to the ansatz in Equation A1) while the photoelectron wavepacket is calculated
on a spatial Cartesian grid. The coherence between different ionization channels is estimated
by calculating the overlap between the photoelectron wavepackets associated to the final C
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(22Σ+u ) and D (1
2Πg) cation states:
g =
〈φD|φC〉
(〈φD|φD〉〈φC |φC〉)1/2 (C1)
at the end of the XUV pulse.
We are using N2 at the equilibrium neutral geometry (R=1.09768 A˚). For the electronic
structure calculations we use the aug-cc-pVTZ basis set and large-core Stuttgart ECPs on
nitrogen. Wavefunctions are obtained using MR-CIS, with the minimal valence CAS (9e,
8o) optimized for the lowest 2Πg state of the cation. Neutral and cationic wavefunctions
are constructed from the same single-particle orbitals optimized for the cation. Calculated
vertical IPs were adjusted by +1.217 eV to match the experimental value of first IP.
The effects of the IR were simulated by adding a static field of strength F=0.0169, which
corresponds to an IR peak intensity of 1013 W/cm2. A Gaussian XUV pulse with 500 as
duration (FWHM) and 1012 W/cm2 intensity was used in the simulation. Both XUV and IR
field were polarized in the same direction, perpendicularly to the molecular axis. Note, that
the high XUV intensity was used to improve the accuracy of the calculation by enhancing the
photoionization signal. For the XUV intensity used, multiphoton effects were still negligible.
The simulation was performed in a 3D box with 82.8 Bohr sides, using a Cartesian
product grid with 0.18 Bohr resolution and 0.003 au time step in the leap-frog propagator.
The XUV pulse was centred at 40 au time (about 1 fs). Several calculations were performed
using harmonics of a 795 nm IR light (1.56 eV) between H14 and H18 as the central frequency
of the XUV field.
Snapshots of the continuum part of the wavefunction (with the Dyson orbital projected
out; see [27] for the exact separation procedure) in the D (12Πg) and C (2
2Σ+u ) final ionization
channels are shown in Figure C.1. The snapshots were taken at 80 au time. In all cases,
absorption of the continuum state at the grid edges was negligible.
The degree of coherence and the relative phase of the continuum were both calculated
using the entire grid, and with the central region (soft-sphere, about 16 Bohr in diameter)
masked out. The results are presented in table II.
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FIG. C.1. Snapshots of continuum wavepackets in the D (12Πg) and C (2
2Σ+u ) ionization channels
for a 500 as XUV pulse with energy centred around harmonic H15 and H17 of the IR field.
harmonic overlap masked overlap
|g| Arg[g] |g| Arg[g]
14 0.16 175◦ 0.60 141◦
15 0.28 140◦ 0.55 140◦
16 0.34 135◦ 0.48 140◦
17 0.32 133◦ 0.38 138◦
18 0.26 130◦ 0.29 133◦
TABLE II. The degree of coherence |g| between photoelectron wavepackets originating from the C
(22Σ+u ) and the D (1
2Πg) photoionization channels for a 500 as XUV pulses with carrier frequency
centred around harmonic 14 to harmonic 18 of a 795 nm driving IR pulse. Additionally, a static
electric field is present in the simulation to account for the effects of the dressing IR field.
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Appendix D: Separation of direct and sequential transitions
The Franck-Condon (FC) region of the N2 molecule is located at an internuclear distance
at which the C2Σ+u and D
2Πg potentials of N
+
2 are energetically very close to each other.
However, this is not an avoided crossing, as the two states have different symmetries. The
coupling of the C2Σ+u and D
2Πg states by the IR field near the FC point induces noticeable
two-photon XUV-IR direct transition to the D2Πg state, where the C
2Σ+u state acts as an
intermediate virtual state. The strength of this transition strongly depends on the exact
energy difference between the C2Σ+u and D
2Πg potential curves. This energy difference is in
turn sensitive to the accuracy of the calculated PEC.
0 5 10 15 20 25 30 35 40
time, fs
0.020
0.015
0.010
0.005
0.000
0.005
0.010
0.015
0.020
El
ec
tr
ic
 fi
el
d,
 a
.u
.
FIG. D.1. Laser pulse splitting to separate the direct (blue full line) from the sequential (red
dashed line) transitions; t=0 corresponds to the chosen arrival time of the XUV pulse.
We have calculated the contribution from the direct transition from the C2Σ+u to the
D2Πg state and evaluated its influence on the final Kinetic Energy Release (KER) spectra
as a function of time-delay between the XUV and IR pulses. In order to separate the direct
from the sequential transitions, to the D2Πg state, the IR laser pulse was split into two parts:
(i) leading edge, that induces only direct transitions and (ii) trailing edge, that induces only
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sequential transitions (Figure D.1). The KER from the D2Πg state was then calculated
using (i) only the direct B2Σ+u to D
2Πg and sequential C
2Σ+u to D
2Πg channels (see Figure
2 in the main text), and (ii) with the direct C2Σ+u to D
2Πg channel included (Figure D.2).
The KER spectra are only weakly affected by the direct C2Σ+u to D
2Πg transition. It
mainly alters the modulation depth of the time-delay dependent KER spectra and induces a
small but observable phase shift to the oscillations of the KER. Note, that the time delay at
which the panels (c, f and d) in Fig. D.2 are plotted were also adjusted to this phase shift.
Moreover, quantitative corrections to the phase of the oscillation of the KER spectra remain
small, because the direct C2Σ+u to D
2Πg transition is weaker than the other dissociation
channels.
Any additional dissociation channels that interfere with the main channels I and II,
e.g., the channel described above, will contribute to the phase of the oscillations of the
KER spectra in a time-delay measurement. Hence, the N+ fragment KER spectra and
vibrational peak positions will be sensitive to the scattering phase differences between all
the participating channels.
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FIG. D.2. N+ KER spectra for direct B2Σ+u to D
2Πg, direct C
2Σ+u to D
2Πg and sequential C
2Σ+u
to D2Πg transitions; see main text for the explanation of the panels.
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